Bordetella pertussis causes whooping cough, a severe and often lethal respiratory infection in infants. A recent resurgence of pertussis has been linked with waning or suboptimal immunity induced with acellular pertussis vaccines (Pa) that were introduced to most developed countries in the 1990s because of safety concerns around the use of wholecell pertussis vaccines (Pw). Pa are composed of individual B. pertussis antigens absorbed to alum and promote strong antibody, T helper type 2 (Th2) and Th17 responses, but are less effective at inducing cellular immunity mediated by Th1 cells. In contrast, Pw, which include endogenous Toll-like receptor (TLR) agonists, induce Th1 as well as Th17 responses. Here we report the identification and characterization of novel TLR2-activating lipoproteins from B. pertussis. These proteins contain a characteristic N-terminal signal peptide that is unique to Gram-negative bacteria and we demonstrate that one of these lipoproteins, BP1569, activates murine dendritic cells and macrophages and human mononuclear cells via TLR2. Furthermore, we demonstrated that a corresponding synthetic lipopeptide LP1569 has potent immunostimulatory and adjuvant properties, capable of enhancing Th1, Th17, and IgG2a antibody responses induced in mice with an experimental Pa that conferred superior protection against B. pertussis infection than an equivalent vaccine formulated with alum.
INTRODUCTION
The bacterium Bordetella pertussis is the causative agent of whooping cough, a severe and debilitating respiratory tract infection affecting infants and young children. Whooping cough (pertussis) still accounts for over 200,000 infant deaths annually, mostly in developing countries. The disease was largely controlled in developed countries through vaccination with whole-cell pertussis vaccines (Pw) that were introduced in the 1950s. However, these vaccines were associated with unacceptable side effects and were replaced in many countries in the 1990s by acellular pertussis vaccines (Pa), composed of individual B. pertussis antigens absorbed to alum as the adjuvant. 1, 2 Although the number of cases of pertussis continued to decline following introduction of Pa, in recent years there have been alarming increases in the incidence of disease not only in infants but also in adolescents and young adults. This has been attributed to antigenic variation in protective antigens or waning and ineffective immunity induced with current Pa. 3, 4 The resurgence in pertussis has consequently called into question the level of protection provided by current vaccines and highlighted the need for a better understanding of the molecular mechanisms underlying the pathogenesis of the infection and the mechanisms of natural and vaccine-induced immunity to B. pertussis. Studies in children and mice have demonstrated that Pa promote the induction of T helper type 2 (Th2) and Th17 cells, [5] [6] [7] [8] and this has been attributed to the use of alum as the adjuvant. 9 In contrast, Pw induce Th1 and Th17 responses and confer a higher level of protection against infection in mice and in children and this is thought to reflect the presence of B. pertussis-derived pathogen-associated molecular patterns, including agonists for Toll-like receptors (TLRs). 2 TLRs belong to a large family of pattern recognition receptors that have evolved for innate immune recognition of conserved microbial products. 10 We have previously demonstrated that TLR4, the receptor for lipopolysaccharide (LPS), plays a key role in clearance of a primary infection with B. pertussis and in immunity generated with Pw. 11, 12 This may in part reflect the immunostimulatory activity of LPS in live and killed bacteria that binds to TLR4 and promotes production of innate inflammatory cytokines, including interleukin (IL)-1, IL-6, IL-12, and IL-23. Although it is widely believed that LPS acts as an adjuvant within the Pw, it is also a key mediator of toxicity, including the fever and seizures observed following vaccination of infants with Pw. 13 We have also demonstrated that activation of another pattern recognition receptor, NLRP3, by adenylate cyclase toxin from B. pertussis leads to protective adaptive immune responses via IL-1 and IL-17 production and this requires cooperation with TLR agonists. 14 A number of Gram-negative bacteria have been shown to express ligands for TLR2. TLR2 forms a heterodimer with either TLR1 or TLR6 to recognize triacylated or diacylated lipoproteins, respectively. [15] [16] [17] These lipoproteins contain a common N-terminal signal sequence consisting of a positively charged region followed by a hydrophobic region of 7-22 residues and finally a lipobox within the first 40 residues from the N-terminus with the consensus sequence [ 
LVI][AST-VI][ASG][C]
. [18] [19] [20] During biosynthesis of the lipoprotein, an acyl group such as palmytic acid is covalently attached to the conserved cysteine residue in the lipobox and the signal sequence is enzymatically cleaved, leaving an exposed acylcoupled N-terminus. Structural studies have demonstrated that the acyl group on a lipopeptide physically interacts with TLR2 to activate the receptor and subsequent downstream signaling pathways. 21 In this study, we have used mass spectroscopy and bioinformatic approaches to identify six putative TLR-activating lipoproteins from B. pertussis. We demonstrate that at least two of these novel proteins specifically activate TLR2 and drive potent pro-inflammatory cytokine production. Furthermore, we demonstrate that a corresponding synthetic lipopeptide of one of the lipoproteins has potent adjuvant properties, promoting protective Th1 and Th17 responses against B. pertussis infection in vivo when coadministered with pertussis antigens. Our findings demonstrate that combining protective antigens with an adjuvant based on an endogenous TLR2 ligand from B. pertussis has considerable potential for the development of a more effective vaccine capable of generating protective immunity against this re-emerging human pathogen.
RESULTS
Identification, cloning, expression, and purification of TLR2-activating lipoproteins from B. pertussis Putative B. pertussis lipoproteins were identified using the DOLOP database (http://www.mrc-lmb.cam.ac.uk/genomes/ dolop) that searches for the presence of the N-terminal signal peptide found in lipoproteins from Gram-negative bacteria. The sequences of uncharacterized proteins identified in a mass spectroscopy analysis of secreted proteins from B. pertussis 22 were used as a source for this screen in order to ensure that the proteins identified are indeed expressed proteins. The highest scoring proteins are listed in Table 1 alongside putative homologs from other bacterial species. All six proteins contain the characteristic positively charged region followed by a stretch of hydrophobic amino acids and the lipobox containing the invariant cysteine residue to which the acyl group is attached during biosynthesis ( Figure 1 ). Of note, BP1569, BP2508, and BP2992 share sequence similarity with lipoproteins from Neisseria meningitidis, Burkholderia pseudomallei, and Haemophilis influenzae, respectively, and BP2992 has sequence homology with an outer membrane lipoprotein from H. influenza that specifically activates TLR2. 23 C-terminal histidine versions of the putative lipoproteins were constructed and expressed in Escherichia coli by isopropyl b-D-1-thiogalactopyranoside induction. BP1569 and BP2992 were successfully expressed and purified by nickel affinity chromatography followed by ion-exchange chromatography. Although BP2992 was found to be an immunologically active ligand for TLR2 (data not shown), we decided to focus on BP1569 because its expression levels were higher and we could generate significant quantities of the lipoprotein for more extensive in vitro and in vivo studies. Analysis of the purity of the BP1569 preparation revealed a strong band at 40 kDa, with a weaker band at B35 kDa ( Figure 2a) . Western blotting suggested that the second band is a breakdown product of the full-length protein; proteolysis was not prevented by the presence of protease inhibitors. The lipoproteins co-purified with LPS, some of which we could remove using polymyxin B columns; however, because of the sticky nature of the lipid side chain, it proved impossible to obtain a preparation completely free of LPS. Therefore, we adopted a strategy of carrying out all initial studies with the lipoproteins in TLR4-defective cells or mice and then synthesized LPS-free lipopeptide versions for more thorough immunological analysis.
BP1569 induces DC maturation and cytokine production in a TLR2 dependent manner
We examined the capacity of B. pertussis lipoprotein to activate innate immune cells in vitro using bone marrow-derived Name N-terminal signal peptide: DCs from C3H/HeJ mice were cultured with BP1569 (100 and 1000 ng ml À 1 ) for 24 h and cytokine production was measured by enzyme-linked immunosorbent assay (ELISA). (c) Surface expression of major histocompatibility complex class major histocompatibility complex class II (MHCII), CD80, and CD86 was determined by flow cytometry following treatment of C3H/HeJ DC with BP1569 (100 ng ml À 1 ; bold line) or medium only (gray line) for 24 h. (d) DCs from C3H/HeJ mice were treated with BP1569 (100 ng ml À 1 ) for 24 h with or without addition of anti-TLR2 antibody (T2.5; 2.5 mg ml À 1 ). Tumor necrosis factor-a (TNF-a) production was measured by ELISA. (e) BP1569 was treated with lipase from Aspergillus (As) or Pseudomonas (Ps) at the indicated concentrations for 18 h at 37 1C. Lipase-treated or untreated BP1569 (100 ng ml We used blocking antibodies against TLR2 to determine whether the protein can activate TLR2 specifically. BP1569-induced TNF-a production by DCs from C3H/HeJ mice was completely abrogated in the presence of the TLR2 blocking antibody (Figure 2d ). BP1569-induced IL-6 and IL-12 were also reversed following addition of anti-TLR2 to the cultures (data not shown). We used lipase treatment to confirm that the immunostimulatory effects of BP1569 were because of the presence of the characteristic acyl side chain of the lipoprotein. The recombinant lipoprotein was incubated with two separate lipases for 18 h before stimulation of DCs. Lipase treatment abolished BP1569-induced IL-6 production ( Figure 2e ), but had no effect on cytokine production induced by the TLR9 agonist CpG (data not shown), confirming that BP1569 contains lipid side chains capable of triggering TLR2-induced inflammatory cytokine production. These data demonstrate that BP1569 is a lipoprotein agonist for TLR2 and activates maturation and inflammatory cytokine production by murine DCs.
BP1569 activates NF-jB and mitogen-activated protein kinase pathways downstream of TLR2
Cytokine production by TLR2 requires activation of the transcription factors nuclear factor-kB (NF-kB) and p38 mitogen-activated protein kinase. To determine whether BP1569 activates NF-kB, HEK293T cells, stably expressing TLR2 but devoid of TLR4, were transfected with an NF-kB luciferase reporter construct. Untransfected HEK293T cells, which endogenously express TLR1 and TLR6, served as a control. BP1569 induced a dose-dependent increase in luciferase activity in HEK293T-TLR2 cells but not in HEK293T cells (Figure 3a) . IL-8 production by TLR2-transfected HEK293T cells was also increased following stimulation with BP1569, linking activation of the NF-kB pathway with cytokine production (Figure 3b ). To assess activation of the mitogen-activated protein kinase pathway, spleen cells from C3H/HeJ mice were stimulated with BP1569. This treatment enhanced p38 phosphorylation 15 min following stimulation that was inhibited by addition of anti-TLR2 blocking antibody (Figure 3c ). These results demonstrate that BP1569 induces TLR2-dependent activation of NF-kB and p38, the two pathways shown to be required for TLR2-induced cytokine production. TLR agonists can bind to TLR1/2 or TLR2/6 heterodimers, and therefore we examined the role of these TLRs using specific blocking antibodies to human TLR1 and TLR6. Incubation of human peripheral blood mononuclear cells with a TLR1 blocking antibody significantly reduced BP1569-induced IL-6 production, whereas an anti-TLR6 antibody had little effect, suggesting that BP1569 is triacylated rather than diacylated (Figure 3d ).
BP1569 induces innate inflammatory cytokines and is immunogenic in vivo
Having demonstrated that BP1569 is capable of activating TLR2 in vitro, we determined whether the lipoprotein can induce proinflammatory cytokine responses in vivo. C3H/HeJ mice were injected intraperitoneally with BP1569 (70 mg) and serum cytokines were measured after 3 h. Significantly higher concentrations of IL-6 and IL-12 were detected in the serum of mice treated with the BP1569 compared with phosphatebuffered saline (PBS)-treated controls (Figure 4a) .
We next examined the possibility that BP1569 was immunogenic in vivo and capable of inducing B. pertussisspecific immune responses. C3H/HeJ mice were injected into the footpad with BP1569 (10 mg) diluted in PBS or with PBS only. After 7 days, the draining lymph node was harvested and the lymph node cells were stimulated with either BP1569 (2 mg ml À 1 ) or heat-killed B. pertussis. BP1569-specific interferon-g (IFN-g) was induced at significant levels in mice immunized with BP1569 but not in mice immunized with PBS ( Figure 4b) . Furthermore, cells from immunized mice produced IFN-g upon restimulation with heat-killed B. pertussis, thus providing evidence that BP1569 is an antigenic, as well as an immunomodulatory, component of the bacteria (Figure 4c ).
Synthetic lipopeptide LP1569 induces inflammatory cytokines by human and murine innate immune cells
Our results thus far demonstrate that BP1569 has immunomodulatory as well as antigenic properties, and the former is because of its ability to activate TLR2. In order to provide evidence of TLR2-mediated immunomodulatory activity, and to examine the adjuvant properties of the B. pertussis lipoprotein in vivo in conventional mice, we generated a synthetic lipopeptide version of BP1569. The lipopeptide, named LP1569 to distinguish it from the full-length protein, has the conserved cysteine residue palmitylated, followed by 11 amino acids of the protein sequence of BP1569. This represents the mature N-terminus of the lipoprotein following removal of the signal peptide during biosynthesis. We first demonstrated that LP1569 stimulated DC activation. We found that LP1569 induced TNF-a, IL-12p40, IL-12p70, IL-6, and IL-1a production by DCs from C57BL/6 mice ( Figure 5a) . We next demonstrated that the lipopeptide specifically activated TLR2 by stimulating murine DCs with LP1569 in the presence and absence of a TLR2 blocking antibody. LP1569 induced TNF-a production that was blocked by anti-TLR2 (Figure 5b) . LP1569 also stimulated TNFa and IL-6 production by human peripheral blood mononuclear cells (Figure 5c ). Finally, we demonstrated that LP1569 induced proinflammatory cytokine production in vivo. Injection of mice with LP1569 resulted in a significant enhancement of serum concentrations of IL-12 and IL-6 over that observed in mice injected with PBS (Figure 5d ). These findings demonstrate that the synthetic peptide LP1569 is a TLR2 agonist and activates innate immune responses in vitro and in vivo.
LP1569 indirectly promotes IFN-c and IL-17 production by T cells
We have shown that BP1569 and LP1569 promote inflammatory cytokine production by DCs, including IL-12, IL-6, and IL-23, that are associated with the induction or expansion of Th1 and Th17 cells. In addition, we have previously reported that IL-1b and IL-23 can induce IL-17 production by gd T cells in the absence of T-cell receptor engagement. 24 There is also controversial evidence that gd T cells can respond directly to TLR2 ligands alone or in the presence of IL-23. 25 The gd T cells are an important source of IL-17 and IFN-g in immunity to bacterial infections, 26 and TLR2 agonists may be directly or indirectly involved in their activation. Stimulation of spleen cells with LP1569 induced the production of IFN-g detected by enzyme-linked immunosorbent assay (ELISA) that was inhibited upon coincubation with an anti-IL-12p40 but not an anti-IL-23p19 antibody, indicating a role for LP1569-driven IL-12p70 in IFN-g production (Figure 6a) . Furthermore, LP1569 induced IL-17 production by spleen cells following addition of exogenous IL-23 ( Figure 6b) . In contrast, LP1569 did not induce production of the Th2 cytokine IL-13 (data not shown). Intracellular cytokine staining and fluorescenceactivated cell sorting analysis revealed that CD4 þ and CD8 þ T cells produce IFN-g following stimulation of the spleen cells with LP1569 that was slightly augmented by addition of IL-1b (Figure 6c,d) . Furthermore, intracellular cytokine staining showed that the combination of LP1569 and IL-23, but not LP1569 or IL-23 alone, induced a clear population of IL-17-secreting gd T cells (Figure 6e ). These findings demonstrate that LP1569 indirectly enhances IFN-g and IL-17 production by T cells in vitro and may therefore have potential as an adjuvant for enhancing innate and adaptive immunity in vivo.
LP1569 is an effective adjuvant for promoting protective immunity against B. pertussis
Having shown that LP1569 has immunostimulatory activity, promoting innate cytokines that drive T-cell responses, we assessed its adjuvant activity in vivo using protective antigens from B. pertussis in an established respiratory infection model. Our previous studies using this model have demonstrated a critical role for Th1 and Th17 cells in natural and vaccine-induced immunity to B. pertussis. 9 Mice were immunized with the B. pertussis antigens, filamentous hemagglutinin (FHA), detoxified pertussis toxin (PT), and pertactin alone or with LP1569 or with PBS only and boosted 5 weeks later. Mice were challenged by aerosol exposure to live B. pertussis 2 weeks after the second immunization. Assessment of colony-forming unit (CFU) counts in the lungs revealed that immunization with B. pertussis antigens without an adjuvant conferred limited protection against B. pertussis challenge (Figure 7a) . In contrast, immunization with the experimental Pa formulated with LP1569 conferred a high level of protection against B. pertussis; bacteria were undetectable in immunized mice at 3, 7, and 10 days after challenge (Figure 7a) .
We assessed antibody and T-cell responses specific for the B. pertussis antigen FHA in immunized mice on the day of challenge. The results revealed that immunization with B. pertussis antigens alone induced weak FHA-specific serum IgG1 and undetectable IgG2a. In contrast, immunization with B. pertussis antigens in combination with LP1569 generate high FHA-specific IgG2a titers in serum (Figure 7b) . Furthermore, the experimental Pa with LP1569 generated potent Th1 and Th17 responses, with high concentrations of IFN-g and IL-17 detected in supernatants of FHA-stimulated spleen cells from immunized mice (Figure 7c) . In contrast, immunization with the B. pertussis antigens in the absence of the lipopeptide generated Th2-type responses, with high IL-5, but substantially lower concentrations of IL-17 and IFN-g than that generated with the experimental vaccine formulated with LP1569.
We next assessed the efficacy of our experimental vaccine formulated with the TLR2 agonist LP1569 in comparison with the same vaccine formulated with alum. Here we immunized mice with two antigens (recombinant PT and FHA), followed by a challenge that resulted in relatively high bacterial colonization of the respiratory tract to show fine differences between vaccines that are protective and highly protective. We found that immunization with the experimental Pa formulated with LP1569 conferred a higher level of protection against bacterial colonization of the lungs and trachea than in mice immunized with the same antigens formulated with alum ( Figure 7d ). This was particularly striking for the CFU counts in the trachea, where we observed almost complete clearance by day 3 in mice immunized with the vaccine formulated with LP1569, compared with more prolonged infection in mice immunized with the alum-adjuvanted vaccine. These findings demonstrate that LP1569 is a potent adjuvant for induction of Th1/Th17-type responses and protection against B. pertussis. Furthermore, an experimental vaccine formulated with the TLR2 agonist was more effective than an alum-formulated vaccine in preventing colonization of mice with B. pertussis.
DISCUSSION
In this study, we report for the first time the identification of novel TLR2 lipoprotein ligands from B. pertussis capable of activating innate immune responses that drive the induction of protective vaccine-induced adaptive immunity against B. pertussis. The proteins identified contain the unique N-terminal signal peptide characteristic of bacterial lipoproteins from Gram-negative bacteria and we demonstrate that at least one of these proteins, BP1569, has potent immunostimulatory activity, driving DC maturation and proinflammatory cytokine production. Furthermore, we demonstrated that a corresponding synthetic lipopeptide agonist of TLR2 was an effective adjuvant for an experimental Pa that induced Th1 and Th17 responses and conferred a higher level of protection against B. pertussis infection in mice than an equivalent vaccine formulated with alum.
Host immunity to B. pertussis involves a combination of innate and adaptive immune responses. Although much of the research focus has been on the role of antibodies, recent studies have highlighted the importance of cellular immune responses, mediated by Th1 and Th17 cells, in both natural and vaccineinduced immunity to B. pertussis. 6, 7, 27 The induction of Th1 and Th17 cells is dependent on DC maturation and production of innate cytokines, including IL-12, IL-1, IL-6, and IL-23 respectively. 28 The induction of DC maturation and cytokine production is driven by activation through pattern recognition receptors, including TLRs and NOD-like receptors. Indeed, we and others have demonstrated that TLR4 plays a critical role in natural and vaccine-induced protective cellular immunity to B. pertussis.
11,12 Surprisingly, during B. pertussis infection Th1 responses were stronger in TLR4-defective mice when compared with wild-type mice and this was attributed to weaker regulatory T-cell responses because of the loss of TLR-4-induced innate IL-10. 12 Nevertheless, these findings suggested that B. pertussis must contain other IL-12-inducing pathogen-associated molecular patterns that promote Th1 responses. This study demonstrates that TLR2 ligands including BP1569 induce potent IL-12 production by DCs and macrophages and promote Th1 responses to an experimental Pa and may also be drivers of protective Th1 responses in natural host immunity to B. pertussis.
In addition to the well-established function of Th1 cells in protective immunity to B. pertussis, by virtue of their role in macrophage activation and opsonizing antibody production, evidence is emerging that Th17 cells also play a role in immunity to B. pertussis through recruitment and activation of neutrophils in the respiratory tract. 9 We have demonstrated that adenylate cyclase toxin from B. pertussis promotes Th17 responses by inducing IL-1b production via activation of the NLRP3 inflammasome and caspase-1 that is required for cleavage of pro-IL-1b. 14 The induction of pro-IL-1b is driven through a TLR-induced NF-kB pathway. IL-1b synergises with IL-23 to induce expansion of Th17 cells and promotes innate IL-17 production by gd T cells. 24 It has also been suggested that TLR2 agonists may directly induce IL-17 production by gd T cells by binding to TLR2 expressed on these cells. 25 IL-17-secreting gd T cells play an important role early in infection and help to drive IL-17 production by CD4 T cells. 24 The present study demonstrated that the TLR2 lipopeptide LP1569 alone did not generate IL-17 production by gd T cells, but induced significant IL-17 production in synergy with IL-23. Furthermore, LP1569 indirectly enhanced IFN-g production by CD4 T cells in spleen cell cultures in vitro through IL-12 induction and enhanced Th1 responses in vivo when used as an adjuvant for an experimental Pa.
Immunity to infection by B. pertussis conferred by vaccination with Pa wanes significantly over a relatively short period; the efficacy of the vaccines has been shown to be as low as 24% in children aged 8-12 years 4 that may explain the recent resurgence of whooping cough. Studies in mice and humans have shown that current Pa formulated with alum as the adjuvant preferentially induce Th2-type responses. 2 However, recent studies in mice 9 and baboons 29 have suggested that a failure of Pa to induce Th1 or Th17 responses may explain their limited ability to prevent infection and transmission with B. pertussis. Interestingly, when compared with an alumadjuvanted Pa, we found that the experimental vaccine formulated with the TLR2 lipopeptide was particularly effective at preventing colonization of the trachea, whereas the alumadjuvanted vaccine was not. This is consistent with the study in the baboon model 29 where immunization with a Pa formulated with alum failed to prevent nasopharyngeal carriage and transmission to naive hosts, whereas immunization with Pw or previous infection, which induces Th1 responses, was more effective at preventing infection as well as disease. Taken together with other reports, these findings demonstrate that the use of a Th1/Th17-promoting adjuvant such as the TLR2 agonists BP1569 or its corresponding synthetic lipopeptide LP1569 have the capacity to improve the efficacy of current Pa by promoting the induction of protective cellular immunity that prevents infection of the respiratory tract with B. pertussis. The TLR2 agonists identified in this study activated inflammatory cytokine production by human peripheral blood mononuclear cells as well as murine DCs in vitro, suggesting that translation of the findings across species may be more straightforward than for certain TLR agonists where there are differences in immunostimulatory activity in mice and humans. Furthermore, as the B. pertussis lipoprotein is an antigen as well as an adjuvant it has considerable potential for inclusion in an improved vaccine against B. pertussis in humans.
METHODS
Mice. C57BL/6 mice and C3H/HeJ mice containing a mutation in the tlr4 gene were obtained from Harlan (Bicester, UK) and maintained at Trinity College Dublin in a specific pathogen-free facility.
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Reagents. Lipases from Aspergillus and Pseudomonas were obtained from Sigma-Aldrich (St Louis, MO). ELISA for TNF-a, IL-23, IL-10, IL-12p70, IL-1b, and IL-17 was obtained from R&D Systems (Minneapolis, MN). ELISA for IFN-g, IL-6, IL-5, and IL-12p40 was obtained from BD Biosciences (Franklin Lakes, NJ). Lipopeptide LP1569 was synthesized by EMC Microcollections (Tuebingen, Germany). Recombinant IL-1b and IL-23 were purchased from R&D Systems, and anti-IL-12p40 and anti-IL-23p19 from BD Biosciences.
Cloning and purification of BP1569 and BP2992. DNA encoding BP1569 and BP2992 was amplified from B. pertussis genomic DNA and cloned into the pET21a bacterial expression vector (Invitrogen, Carlsbad, CA) following sequence verification. C-terminal histidine versions (6 Â histidine tag) were generated in E. coli BL21 pLysS cells following 0.2 mM isopropyl b-D-1-thiogalactopyranoside induction for 18 h at 30 1C. Cells were lysed using Bugbuster (Novagen, Madison, WI) and proteins were subsequently purified by nickel affinity followed by diethylaminoethyl ion-exchange chromatography. Following desalting on PD10 columns (GE Healthcare, Buckinghamshire, UK), protein purity was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Coomassie staining or western blotting for the histidine-tagged proteins.
Cell preparation and stimulation. Bone marrow-derived DCs were prepared by culturing bone marrow cells obtained from the femur and tibia of mice in complete RPMI (RPMI containing 10% fetal calf serum, 100 U ml À 1 penicillin, 100 mg ml À 1 streptomycin, 2 mM L-glutamine (Invitrogen), and 50 mM 2-ME (Sigma-Aldrich)) supplemented with 40 ng ml À 1 granulocyte macrophage colony-stimulating factor. Cells were recultured with fresh medium containing 40 ng ml À 1 granulocyte macrophage colony-stimulating factor every 3 days for a period of 8 days. DCs were cultured 1 Â 10 6 cells per ml 24 h before stimulation. Spleen cells from C3H/HeJ mice were cultured at 2 Â 10 6 cells per ml and stimulated with BP1569 (100 ng ml À 1 ) for 2 h, with or without addition of anti-TLR2 antibody (T2.5). For p38 activation assays, samples were lysed with RIPA buffer and sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed followed by western blotting with anti-phospho-p38 and b-actin antibodies (Cell Signalling, Beverly, MA). DCs (1 Â 10 6 per ml) or spleen cells (1.5 Â 10 6 per ml) from C57BL/6 mice were incubated with LP1569 at various concentrations for 6 h (DCs) or 72 h (spleen). Supernatants were recovered and TNF-a, IL-12p40, IL-12p70, IL-6, and IL-1a (DCs) or IFN-g, IL-17, and IL-13 (spleen cells) concentrations were quantified by ELISA. Spleen cells were also incubated with IL-1b, IL-23 (both 10 ng ml À 1 ), anti-IL-12p40 or anti-IL-23p19 (both 10 mg ml À 1 ) and for the final 4 h with brefeldin A (10 mg ml À 1 ; Sigma-Aldrich) before staining for intracellular cytokines.
Luciferase assay. HEK293T cells and HEK293T cells stably expressing human TLR2 were transfected with an NF-kB luciferase construct as described previously, 30 and stimulated overnight with the indicated concentrations of BP1569.
Flow cytometry. Following stimulation, DCs were stained with CD11c (N418), major histocompatibility complex class II (M5/114.15.2), CD80 (clone 16-10A1), and CD86 (16-10A1). T cells were stained with T cell receptor-d (GL3), CD4 (GK1.5), CD8 (53-6.7), IFN-g (XMG1.2), and IL-17 (TC11-18H10). Antibodies were purchased from eBioscience (San Diego, CA). Samples were analyzed with a FACSDIVA and FlowJo software (Miltenyi, Bergisch Gladbach, Germany).
Cytokine induction in vivo. C3H/HeJ mice were injected intraperitoneally with BP1569 (70 mg) or PBS control. After 3 h, serum cytokines were quantified by ELISA.
Antigenicity of BP1569. C3H/HeJ mice were injected in the footpad with BP1569 (10 mg) in PBS or PBS only. After 7 days, the draining lymph node was harvested and cells were stimulated with medium or with either BP1569 (2 mg ml À 1 ) or total heat-killed B. pertussis
(1-100 Â 10 6 per ml). After 3 days of culture, the concentration of IFN-g in supernatants was quantified by ELISA.
